Abstract. Strawberry (Fragaria ×ananassaDuchesne
. For soils high in pathogen populations, fruit yield from the untreated plots was 34% to 50% relative to the MB:CP treatment. The greatest (95% to 110%) yields relative to MB:CP were in the high rates of the InLine treatments. Yields from simultaneous drip fumigation with a combination of Vapam HL and InLine or CP EC were less (67% to 79%) than yields from shank fumigation with MB:CP due to 1,3-D and CP hydrolysis reactions with Vapam HL or the generated MITC in the irrigation water that reduced the effi cacy of these combinations to control soilborne pathogens. Application of reduced rates of InLine or CP EC followed 6 days later with reduced rates of Vapam HL controlled soil borne pathogens and weeds and produced the greatest fruit yield relative to all treatments. Chemical names used: 1,3-dichloropropene (1,3-D); methyl bromide (MB); trichloronitromethane (chloropicrin, CP); sodium methyldithiocarbamate (metam sodium); methyl isothiocyanate (MITC).
resistance (Wilhelm and Paulus, 1980) . All of the current California strawberry cultivars are highly susceptible to verticillium wilt (Shaw et al., 1996) .
The available chemical alternatives to MB are CP, 1, , and metam sodium (sodium methyldithiocarbamate). None of these fumigants alone controls soilborne pathogens and weeds to the same degree as MB:CP mixtures. Metam sodium, a methyl isothiocyanate (MITC) generator, has activity against weeds, nematodes, and some fungi (Baines et al., 1957; Csinos et al., 1997; Jaworski et al., 1978; Johnson et al., 1979; McCarter et al., 1976) . For the past few years, metam sodium was ranked fi rst among the most heavily used fumigants in California (California EPA, 2001 ). Chloropicrin has a high activity against insects and fungi, but has less activity against nematodes and weeds than MB (Johnson and Feldmesser, 1987; Johnson et al., 1979; Wilhelm and Paulus, 1980) . The fumigant 1,3-D has a high activity against nematodes and some soil arthropods, but a low to fair activity against fungi and weeds (Noling and Becker, 1994) . Until 1990, 1,3-D was the most commonly applied soil fumigant in California at an annual rate of more than 7 million kg (McKenry, 1999) . The fumigant 1,3-D, singly (Telone II) or in combination with chloropicrin (Telone C17 and Telone C35), has been used as a preplant soil treatment to protect a variety of high value vegetable crops and for replanting fruit and citrus trees (Lembright, 1990; Locascio et al., 1997) .
Methyl bromide is typically applied to soil by injection through hollow shanks that are pulled through the soil either at shallow depths (20 to 30 cm) followed by plastic mulch fi lm application, or at deep depths (>45 cm) followed by surface soil compaction. Methyl bromide has an extremely low boiling point (4 °C) and high vapor pressure (1420 mm Hg at 20 °C) that plays a predominant role in its penetration throughout the soil profi le and in controlling soilborne pathogens and pests.
Although alternative soil fumigants such as CP or mixtures of 1,3-D and CP can be applied by shank injection (Locascio et al., 1997) , their volatilization and distribution in soil may be limited by their lower vapor pressure and higher boiling point compared to MB (EXTOXNET-CP, 2001 ; EXTOXNET-MB 2001; Lakes Environmental Software, 2000) . The registered alternative fumigants (metam sodium, chloropicrin, and 1,3-D) have much higher boiling points (105 to 118 °C) and lower vapor pressure (21 to 34 mm Hg at 20 °C) than MB. Therefore, the effi cacy of alternative fumigants to control soil pathogens and weeds is infl uenced largely by the delivery method, soil type and conditions, and meteorological conditions Ben-Yephet and Frank, 1985; Lembright, 1990; McGovern et al., 1998) . For example, metam sodium applied by shank injection was found to move only a short distance from the points of injection, resulting in inadequate lateral and downward distribution for effective pathogen control (Smelt et al., 1974) . Applications of metam sodium generally have been more effective California produces >80% of total U.S. strawberry (Fragaria ×ananassa Duchesne) with 770,000 Mg of strawberries produced annually, valued at $1 billion (USDA, 2003) . The California Strawberry Commission (2003) estimated that more than 11,430 hectares were planted to strawberry in 2003. Preplant soil fumigation with MB in combination with chloropicrin (CP), plastic mulching, integrated pest management, drip irrigation, and fertigation have played important roles in the stability of strawberry production in California. Over 95% of the strawberry land is fumigated with MB:CP mixtures (MB plus 2% to 45% CP) at 300 to 450 kg·ha -1 (California EPA, 2002) . The strawberry industry has favored the use of MB in combination with CP because of the synergistic effects of these two chemicals to control verticillium wilt (Verticillium dahliae Kleb.) and other soilborne pathogens and weeds (Wilhelm et al., 1961; Wilhelm and Paulus, 1980; Wilhelm and Storkan, 1990; Wilhelm and Westerlund, 1994) .
Methyl bromide (both natural and manmade) contributes to the depletion of the ozone layer in the stratosphere (Watson et al., 1992) . In accord with the Montreal Protocol, the import and manufacture of MB in the U.S. and other developed countries will be banned by 2005 , after stepwise reductions in 1999 (USEPA, 1993 UNEP, 1997) . The loss of MB as a soil fumigant will greatly impact the strawberry industry. Modern high yielding varieties were selected in fumigated soils for fruit quality, transport, and time of production characteristics rather than for disease HORTSCIENCE 39 (7) when applied with a large quantity of water (Baines et al., 1957; Noling and Becker, 1994; Roberts et al., 1988; Smelt et al., 1974) .
Raised beds covered with plastic mulch and drip irrigation systems are used in strawberry culture by most growers in California (Kasperbauer, 2000; McNiesh et al., 1985) . Strawberry beds are irrigated with one or two drip tapes (collapsible, thin-wall polyethylene tubing) placed a few centimeters below the soil surface (Trout and Ajwa, 1999) . Growers use drip tapes with low (0.7 L·h -1 ) or high (1.6 L·h -1 ) fl ow emitters spaced 20 or 30 cm apart. Emulsifi ed formulations of alternative fumigants, singly or in combination, can be applied at preplant with irrigation water through these irrigation systems ). An advantage of drip fumigation is that a more uniform distribution of chemicals can be achieved by spreading them in the liquid phase Gan et al., 1998) . Application of soluble formulations through drip irrigation systems may be economical and more environmentally-friendly, reduce worker exposure, and may reduce the amount of chemicals required. However, the amount of irrigation water used to deliver the fumigant, soil hydraulic properties, and fumigant application rate determine the success of drip-applied fumigants in controlling soil pathogens and weeds .
The objectives of this study were to 1) evaluate strawberry growth and yield, disease pressure, and weed control in response to preplant application of metam sodium (Vapam HL formulation), InLine, and CP EC through drip irrigation systems; and 2) determine the optimum amount of irrigation water needed for drip fumigation of raised soil beds. Variables evaluated were fumigant application rate (maximum label rate and 60% of that rate), application of combination of fumigants, and amount of water used to apply the fumigants (26, 43, and 61 L·m -2 ). Strawberry yields from drip applied treatments were compared to yields from standard MB:CP and Telone C35 shank injection treatments and nonfumigated plots.
Materials and Methods
Site description and fi eld preparation. The research was conducted in two major commercial strawberry production areas in California (Watsonville and Salinas) for three consecutive growing seasons between September 1997 and August 2000; nearly one-half of California strawberry production is located in the central coastal area, around Watsonville and Salinas (California Strawberry Commission, 2003) . The soil in both locations had not been fumigated for more than 15 years prior to these studies. The soil in Salinas was classifi ed as Chualar loam (Fine-loamy, mixed, thermic, Typic Argixerolls) with a pH of 6.5 and organic matter content of 0.7%. The soil in Watsonville was classifi ed as an Elder sandy loam (Coarse-loamy, mixed, thermic, Cumulic Haploxerolls) with a pH of 6.1 and organic matter content of 0.6%. The nonfumigated soil in Watsonville was heavily infested with Verticillium dahliae Kleb. and Pythium spp., but weed pressure was medium to low. The pathogen infestation in Salinas was medium (mainly black root rot pathogens such as Pythium ultimum and binucleate Rhizoctonia spp.), but weed pressure was very high. In both locations, phytoparasitic nematodes were not detected in the soil.
At both locations, the soil was cultivated and beds (76 cm wide, 132 cm center to center, 30 cm high) were formed every year following commercial cultural practices. Slow release fertilizer (27N-10P-12K) was band applied to beds at 400 kg·ha -1 , and the drip irrigation system was installed and tested. At the time of fumigant application, the average daily soil temperature within the raised soil bed ranged between 16 and 19 °C in Watsonville and between 18 and 20 °C in Salinas. The 3-year average gravimetric soil water percentage (determined before fumigation) within 30 cm depth was 12% ± 2% in Watsonville and 10% ± 2% in Salinas.
Fumigant and treatment description. Chemical rate and volume of irrigation water are presented per bed treated area (58% of total land area).
x Treatment 9 is a combination of treatments 6 and 13, treatment 10 is a combination of treatments 5 and 12, and treatment 15 is a combination of treatments 13 and 16. The combination treatments were applied simultaneously in year 1 and year 2, but sequentially in year 3 when Vapam HL was applied 6 d after InLine or CP EC.
rate of 0.87 L·h -1 at 69 kPa. The drip tapes were placed 8 cm (in Watsonville) or 13 cm (in Salinas) from the bed center and buried at a soil depth ranging from 2 to 5 cm. Variables evaluated (Table 1) were application rate (labeled commercial rate and 60% of that rate), application of combination of fumigants, and amount of water used to apply the fumigants (26, 43, and 61 L·m -2 of bed area). In year 1 (1997-98 growing season) and year 2 (1998-99 growing season), the combination treatments (InLine plus metam sodium or CP plus metam sodium) were injected simultaneously into the irrigation system. In year 3 (1999-2000 growing season), InLine and CP EC were applied in 43 L·m -2 of irrigation water, but Vapam HL was applied 6 d later in an additional 43 L·m -2 of water. Fumigants were injected throughout the water application period into the drip irrigation system from either a nitrogen-pressurized cylinder containing the fumigant or with a positive displacement pump equipped with metering valves as described in detail by Ajwa et al. (2002) . Water meters were used to determine the actual amount of water applied. Fumigant concentration in the soil profi le. To evaluate the effect of application water volume on the distribution of fumigants in soil, 1,3-D and CP concentrations were measured in the InLine treatments 3, 4, and 5 (393 L·ha -2 applied in 26, 43, and 61 L·m -2 ). Monitoring was conducted in years 1 and 2 for one-half of the raised beds following procedures described by Ajwa et al. (2002) . In brief, stainless steel soil-air sampling probes (1.0 mm i.d.) were placed 2 cm apart at the various depths (0, 5, 15, 30, 45 , and 60 cm) from the soil surface in the center and at the edge (30 cm from the center) of the raised soil bed. Soil-air sampling started immediately following the end of each application and continued for 8 d. Soil-air 1,3-D and CP samples were taken by passing 50 mL of air through XAD-4 resin cartriges (Sigma-Aldrich, Milwaukee, Wis.) using a 50-mL air-tight syringe. The trapped fumigants were extracted from the cartridges with hexane and analyzed using an Agilent (Wilmington, Del.) 6890 series gas chromatograph (GC) system equipped with an Agilent 5973N mass selective detector (MS) and a Zebron ZB-624 column (30-m × 0.25 mm i.d. × 1.4 (m fi lm thickness).
Plant vigor and fruit yield. At least four weeks after fumigation, plant holes were cut in the plastic mulch at a 30-cm spacing and strawberry (Fragaria ×ananassa Duchesne) cultivar 'Selva' was planted. When this research was initiated, 'Selva' was the dominant day neutral cultivar in California (personal communication, Frank Westerlund, California Strawberry Commission, Watsonville, California). Before planting, 25 L·m -2 of water were applied through the drip irrigation systems to wash away any residual fumigants or breakdown products that could be present in the planting zone. After transplanting, overhead sprinklers were used for a few weeks before initiating drip irrigation. Fruit was harvested at least once every week (twice per week in Salinas) throughout the production season (early April to September) and graded into marketable (fresh market grade) and nonmarketable (culls) fruits. Plant diameter was determined for the center 40 living plants in each bed by taking two measurements (north-south and east-west) of the above ground foliage from each plant about 5 months after planting and before overlapping of foliage. Fruit size was estimated by weighing 20 randomly selected marketable fruits. The percentage of diseased plants (wilting and dead) was recorded from all plants in the bed fi ve and eight months after planting. Diseased plants were randomly selected and the surrounding soil was sampled to identify the dominant plant pathogens. Soil and plant tissue samples were assayed for Verticillium dahliae Kleb. as described by Nicot and Rouse (1987) , and for Pythium spp. as described by Martin (1992) . Weed control by the various treatments was assessed in February and April of years 2 and 3. Weeds were uprooted and shaken to remove residual soil from the roots, and weighed to measure fresh weed biomass.
Statistical analysis. The general linear model (GLM) procedure and Fisher least signifi cant difference (LSD) at P = 0.05 tests were performed using the Statistical Analysis System (SAS) program (SAS Institute, Cary, N.C.) to determine signifi cant differences among treatments for strawberry marketable and total yields, plant diameter, disease incidence, and weed biomass. Statistical analyses were performed on the original data without transformation. SAS was also used to determine the existence of a signifi cant relationship between average fruit weight and marketable yield.
Results

Distribution of 1,3-D and CP in the soil
profi le. The distribution patterns of 1,3-D (cis plus trans isomers) in one half of the bed profi le of the Watsonville and Salinas soils 18 h after applying one rate of InLine (393 L·ha -1 ) in three different amounts of irrigation water are presented in Fig. 1 . These results are averages of 2-year concentrations. In general, maximum 1,3-D concentrations were detected between 12 and 24 h after drip fumigation and only minute amounts (<0.2 mg·L -1 air) were detected after 8 d. The CP distribution patterns (data not shown) were similar to the 1,3-D patterns and CP concentrations were 40 to 55% of 1,3-D concentrations during the initial 36 h. However, CP concentrations in the soil decreased at faster rates than 1,3-D concentrations, and the average half-life of CP was much shorter (1 to 2 d) than the half-life of 1,3-D (3 d).
At both sites, the concentration of 1,3-D (cis and trans isomers) in the soil air space increased with increasing amounts of application water, even though the concentration of 1,3-D decreased with increasing the water volume. Fumigants in the Watsonville soil moved more vertically and less horizontally than in Salinas soil due to higher sand content and closer spacing between the two drip tapes (Fig. 1) . In Watsonville, the drip tapes were placed close to the center of the bed (one-fi fth the distance to the bed edge), which resulted in large concentration differences between the middle and the edge of the bed. To better compare the effi cacy of various treatments, total fumigant concentrations in the soil airspace to 60 cm depth in the center and at the edge of the soil bed were calculated, and the dose (∑ concentration × time) for one-half of the soil bed was estimated from the area under the curve as shown in Fig. 2 (Fig. 2) differed widely among the water treatments, these differences were not statistically different (P < 0.05) due to the large variability among replicate measurements within each year, and error bars were not included for clarity.
Disease control. In Watsonville, the most important pathogen was Verticillium dahliae (≈30 viable microsclerotia/g soil), although general root rot pathogens such as Pythium spp. and binucleate Rhizoctonia spp. were present as well. However, the percentage of dead strawberry plants varied among the growth stages and among the years (Table 2 ). In year 1, the percentage of dead plants in Watsonville during early growth stages (November through March) was similar (<5%) among all treatments, but plant mortality increased tremendously during peak production (8 months after planting), especially in the untreated control (35%), the combination treatments (25% to 30%), and Vapam treatments (15% to 16%). In year 2, the percentage of dead plants at the 5-month growth stage in the untreated control was signifi cantly greater than any fumigant treatment. Most of the wilt occurred during early growth stages, and the increase in the percentage of dead plants between the early (5-month) and late (8-month) growth stages was not as large as during the year 1 growing season. In year 3, verticillium wilt was not as severe as in the previous growing seasons and the percentage of dead plants in the untreated control did not exceed 10%. In Salinas, the predominant pathogens were the general root rot Pythium spp. (20 to 50 propagules/g soil) and lethal pathogens such as Verticillium dahliae or Phytophthora spp. were not present in the soil. The number of visibly diseased plants throughout the growing season in Salinas was small (<2%) in any of the treatments (data not shown), and the percentage of dead plants was not signifi cantly different (P < 0.05) among all chemical treatments.
Plant vigor and fruit yield. Plant diameter measurements were taken within fi ve months after planting. Accurate measurements during late growth stages were not possible due to foliage overlapping. Above ground foliage diameter of fi ve month-old strawberry plants growing in the various treatments relative to MB:CP fumigation is presented in Table 3 . In Salinas, plant diameter in any chemical treatment was similar to that grown in the MB:CP treatment. Only plants grown in the untreated control plots exhibited signifi cant reduction in foliage growth. In Watsonville, plant diameter measurements at 5 months varied among treatments and growing seasons and, in general, were less than those in MB:CP treatment. After fi ve months, however, plants growing in high rates of drip applied CP EC and InLine at both sites developed at a faster rate and had more vegetative growth than plants growing in the MB:CP treatment.
Marketable and total fruit yields for the 3 years in Watsonville and Salinas plots are presented in Tables 4 and 5 , respectively. Average weight of 20 marketable fruit (data not shown) followed the same treatment effect on yields and was strongly correlated (r = 0.95, P < 0.001) with marketable yield, indicating that greater yield was mainly due to larger fruit size rather than the numbers of fruit produced. At the Watsonville site, yields from the untreated control were less than one-half the yields from the MB:CP plots, and in general, yields were considerably greater in the chemical treatments than in the untreated plots. Although verticillium wilt did not occur at the Salinas site and the soil had medium disease pressure with black root rot pathogens, yields from the untreated control were considerably less than the yields from the MB:CP plots. Bed shank injection with Telone C35 at 374 L·ha -1 generally produced yields comparable (99% ± 6%) to those produced by shank fumigation with MB:CP. The main exception was in the Telone C35 plots at the Watsonville site in year 3 and at the Salinas site in year 1 where yields were considerably less (80% to 93%) than yields from the MB:CP treatment. The respective marketable and total fruit yields from the MB:CP treatment were 26250 and 46010 kg·ha -1 in year 1, 17500 and 39750 kg·ha -1 in year 2, and 25890 and 58050 kg·ha -1 in year 3.
y Units are kg·ha -1 .
x Percentages followed by the same letter in each column are not signifi cantly different at P < 0.05 (statistical analysis was performed using the actual yield data). The respective marketable and total fruit yields from the MB:CP treatment were 62500 and 84170 kg·ha -1 in year 1, 56670 and 75000 kg·ha -1 in year 2, and 45610 and 62650 kg·ha -1 in year 3.
x Percentages followed by the same letter in each column are not signifi cantly different at P < 0.05 (statistical analysis was performed using the actual yield data).' w Chloropicrin EC (Treatment 16) was not applied in year 1. Chloropicrin EC was applied at 130 L·ha -1 in year 2 and at 200 L·ha -1 in year 3.
At both sites, the highest average yield over the 3 years was in plots treated with a high rate of InLine (393 L·ha -1 ) applied with a high amount of water (61 L·m -2 ). The average 3-year yield in this treatment was 110% and 104% relative to the MB:CP treatment in Watsonville and Salinas, respectively. Differences between the high rate of InLine, however, were not statistically different (P < 0.05), regardless of the amount of application water. In Watsonville, yields from beds treated with a high rate of InLine applied in low and medium (26 and 43 L·m -2 ) amounts of water were equivalent or less than yields from the MB:CP treatment. Reduced application rate (60% of the label maximum rate) of InLine produced variable yields over the three growing seasons at Watsonville. The average three year yield from the reduced application rate treatment was considerably less (80%) than yields from MB:CP. In Salinas, however, the reduced (60%) and full rates of InLine almost always produced yields equivalent or greater than MB:CP treatment, regardless of the amount of application water.
Yield from the Vapam HL treated beds were lower than yields from any of the fullrate InLine treatments. The market yield from the Vapam HL treatments relative to MB: CP treatment ranged between 67% to 86% in Watsonville and between 78% to 99% in Salinas. Yields from plots treated with low rates of InLine (235 L·ha ) applied simultaneously with Vapam HL (year 1 and year 2) were less than those in MB:CP plots. However, yields from these combination treatments applied sequentially (Vapam HL was applied 6 d after InLine or CP) in the year 3 produced yields comparable to or greater than yields from MB:CP treated soils.
Weed control. Weed control under the various fumigant treatments relative to the untreated control for the year 2 and year 3 growing seasons is shown in Table 6 . The dominant (>60% of total biomass) weeds in Watsonville were little mallow (Malva parvifl ora L.), burclover (Medicago polymorpha L.), and redstem fi laree (Erodium circutarium [L.] L Herr. ex. Ait). The dominant (>50%) weeds in Salinas were burclover, little mallow, shepherd's-purse (Capsella bursa-pastoris L. Medik.), and common purslane (Portulaca oleracea L.). Total fresh weed biomass relative to untreated control (Table 6) showed that weed population was greatly reduced in all treatments. In Salinas, weed control by the InLine treatments was better than that in the MB:CP or Telone C35 shank injection treatments.
Discussion
The considerable reduction in plant growth in Watsonville ( Table 3 ) may indicate that some of the treatments were not suffi cient to control the disease pressure and/or may have caused phytotoxicity. In Salinas, however, similar plant diameter values between chemical treatments indicate that there was no phytotoxic effect by any of the fumigants or their degradation products, and that a four-week plant back time is suffi cient for drip fumigation with InLine, CP EC, or Vapam HL. Also, our studies on fumigant distribution in these soils found that most of the fumigants dissipate or degrade in 14 d following application , and no known phytotoxic degradation products were detected after 20 d.
The severity of the verticillium wilt in Watsonville decreased over the three seasons (Table  2 ). In year 1, wilt symptoms became obvious in June when soil temperature was suitable for disease development by this pathogenic fungus. In year 2, most of the wilt occurred during early growth stages, possibly due to the exceptionally warm temperatures during this growth period. In year 3, wilt symptoms were considerably less than in the previous growing seasons even though the viable number of microscerotia of Verticillium dahliae Kleb. in the untreated soil was similar among the three growing seasons.
Disease incidence (Table 2 ) and marketable and total fruit yields (Tables 4 and 5) in both locations indicate that treatments can be clustered into three production groups: 1) the MB:CP and full rate of Telone C35 or InLine treatments produced the greatest yields; 2) metam sodium, reduced rates of CP EC or InLine, and the combination treatments (applied simultaneously) were inconsistent and produced intermediate yields; and 3) the untreated control produced the least yields. The great reduction in yield in the untreated control plots in Watsonville was due to the severe plant infestation by verticillium wilt. Although wilt at the Salinas site was not observed, the soil had signifi cant black root rot pathogens that signifi cantly reduced yield in the untreated control relative to the MB:CP treatment.
The inconsistent yield production from shank-injected Telone C35 treatments in Watsonville (year 3) and in Salinas (year 1) was possibly due to poor distribution uniformity of the shank-injected fumigants (Table 5) . In these studies, the MB injection equipment was used to apply Telone C35. Because both active ingredients of Telone C35 (1,3-D and CP) have low vapor pressures and high boiling points relative to MB, they do not volatilize as quickly or diffuse as far from the injection. Therefore, reduced yield in some of the shank-injected Telone C35 may be attributed to inadequate confi guration of the application equipment that resulted in poor fumigant distribution in soil.
Although not statistically different (P < 0.05), InLine applied with the large amount (61 L·m -2 ) of irrigation water generally produced yields greater than MB:CP shank injection. The slight reduction in fruit yields from the same application rate of InLine in less amount of water was due to insuffi cient fumigant concentration at the edge of the bed. Fumigant dissipation patterns (Fig. 1 ) in Watsonville and Salinas found greater 1,3-D and CP concentrations and better distribution uniformity in the soil gaseous phase when InLine was applied with Detailed results on the effi cacy of alternative fumigants to control specifi c weed species were published by Fennimore et al. (2003) .
x Units are kg·ha -1 .
w Percentages followed by the same letter in each column are not signifi cantly different at P < 0.05 (statistical analysis was performed using the actual weed mass data).
61 L·m -2 (87 and 98 mg 1,3-D/L air) than with 43 L·m -2 (60 and 69 mg 1,3-D/L air) or 26 L·m -2 (37 and 42 mg 1,3-D/L air ) irrigation water. Although the concentration of 1,3-D in the largest amount of water may appear inadequate, our studies suggest that the large amount of irrigation water (>40 L·m -2 ) better delivers fumigants to the target soil volume and reduces fumigant volatilization losses during and after application (Fig. 1) . The embossed PE mulch used in this study obviously did not prevent or reduce fumigant volatilization losses, and water was the only true seal. Application of a large volume of water also reduced the gas-phase diffusion in soil and reduced volatilization losses. However, in many soils (coarse-textured or clayey soils), beds can become unstable and collapse with large water applications, and bed stability may constrain water application to under 50 L·m -2 . The effi cacy of CP on soilborne pathogenic fungi is well documented (Wilhelm, 1999) ; however, little information is available on CP effi cacy when applied through the drip irrigation systems. Research conducted on the same soil in Watsonville determined that a minimum of 140 kg·ha -1 application rate of CP applied by shank injection is needed for effective control of Verticillium dahliae at 15 cm depth, but 224 kg·ha -1 is required for control at 50 cm depth (Duniway, 2002) . In other experiments, Duniway et al. (2001) (Table 4) , especially when soil infestation by verticillium wilt is high. Although application of CP EC alone in different amounts of water was not evaluated in our study, it is expected that a larger amount of water would provide better fumigant distribution in soil, and possibly better pathogen control. Similar studies on CP EC use for tomato production confi rmed that the effi cacy of CP EC was affected by the volume of application water more than the application rate or concentration (Gullino et al., 2002) . These studies found that 20 g·m ) than when applied in 20 L·m -2 of water (990 µg·L -1 ). These studies also reported that for any application rate of CP, drip fumigation was more effi cacious than shank injection, especially in soils containing high amounts of organic matter.
Metam sodium use as a stand-alone fumigant for strawberry production in California has been limited because yields are generally lower than those obtained with MB:CP (Duniway, 2002) . However, varying degrees of success have been recently reported for strawberry production in Europe (Cebolla, 2002; Rabasse, 2002) . Metam sodium and its active derivatives are not very mobile in soil and proper application techniques are crucial for good effi cacy of this fumigant to reduce pathogenic fungal populations in soil. The poor control of Fusarium oxysporum by metam sodium has been attributed to insuffi cient fumigant distribution in soil (McGovern et al., 1998) . These authors also reported enhanced disease incidence in the metam sodium treated soils, possibly due to a reduction of naturally occurring microorganisms in combination with inadequate elimination of the pathogen. However, a combination of metam sodium (468 L·ha -1 ) and Telone C17 (126 L·ha -1 ) provided good control of most soil pests and produced good yields in tobacco and pepper transplant production (Csinos et al., 1997) .
In our studies, the simultaneous drip application of Vapam HL and InLine or CP EC in years 1 and 2 did not control verticillium wilt in the severely infested Watsonville soil. In addition, the weed control effi cacy was diminished at both locations. The poor effi cacy in these combination treatments was due to rapid degradation of CP EC and 1,3-D with Vapam HL (metam sodium) in the application water, and therefore reduced the fumigant effi cacy to control soil pathogens (Trout and Ajwa, 1999) . No information is available on the compatibility of CP and 1,3-D with metam sodium. Experiments conducted in our laboratory using gas chromatography found that >50% of CP or 1,3-D degrade within a few hours after their addition into water containing an equivalent concentration of metam sodium. Therefore, these combination treatments were modifi ed in year 3; they were applied sequentially where Vapam HL was applied 6 d after drip fumigation with InLine or CP. The sequential drip combination treatments provided the greatest yields in year 3 even with reduced application rates. Although results on the sequential application were obtained for only one growing season during this research, several on-farm demonstration trials between 1999 and 2003 showed that sequential application of reduced rates (60% to 75% of recommended label rates) produce equivalent yields to standard MB:CP fumigation . Haar et al. (2003) found that 1000 µM (164 mg·L -1 ) of CP in the soil air space (equivalent to a fi eld application rate of 112 kg·ha -1 ) of a closed system killed 90% of common purslane and common chickweed weed seeds in <1.5 h exposure time, but 28 h were needed to kill prostrate knotweed (Polygonum aviculare) seeds. In our studies, total 1,3-D and CP concentrations in the gaseous phase of soil were suffi cient to control most weed seeds in the middle of the soil bed, but were insuffi cient to control weeds at the edge of the bed (Fig. 2) . evaluated weed control in these and other plots and found that CP EC at 200 L·ha . Weed control by InLine and CP EC was similar to MB:CP for little mallow and prostrate knotweed seed buried at the center of the soil bed. The percentage of weed seed survival at the edge of the bed, however, was higher than in the middle of the bed due to lower fumigant concentrations at the bed edge. In addition, they also found that sequential application of Vapam HL after InLine or CP EC did not always provide additional weed control benefi t.
Although the sequential drip application of fumigants did not always provide additional weed control in raised bed culture , application of fumigant combinations might be needed to maintain the effi cacy of 1,3-D or CP, especially after multiple applications to the same soil. Studies reported that repeated applications of a single fumigant (1,3-D and MITC) resulted in decreased efficacy to control soilborne pathogens (Di Primo et al., 2003; Verhagen et al., 1996; Warton and Matthiessen, 2000) . These studies claimed that the diminished effi cacy with repeated applications of a fumigant is related to a rapid microbial degradation due to a build-up of soil microbial populations that are able to survive and degrade that fumigant. Further research is needed to evaluate the best order of fumigant application or to develop fumigant rotation practices to prevent enrichment of microbial populations in soils that are able to degrade fumigants.
Conclusions
The most promising and cost-effective registered chemical alternatives to MB:CP fumigation in strawberry production in California are mixtures of 1,3-D and CP applied in combination with metam sodium. Drip fumigation with InLine (393 L·ha -1 ) and CP EC (300 L·ha -1 ) or with reduced (60%) rates of these fumigants followed by metam sodium (420 L·ha -1 ) controlled soilborne pathogens and weeds and produced strawberry yields comparable to production with MB:CP. Eight on-farm demonstration plots conducted between the years 1999 and 2002 confi rmed that the sequential drip application using 60% of the label rates (Vapam HL after InLine or CP EC) produced yields equivalent to MB:CP (data not shown). This sequential application has become the choice of strawberry growers who are adopting drip fumigation. In 2003, >20% of the California strawberry production fi elds were drip fumigated with the alternative fumigants. The current cost of the sequential drip application (InLine or CP EC followed by metam sodium) is one-half of the current MB: CP standard fumigation cost. Drip fumigation is desirable because it is safer than present methods of shank injection; workers are not required to be in the fi eld during application. However, it will require good irrigation systems and dependable injection equipment.
To achieve good lateral distribution of fumigants, large amounts of irrigation water (50 L·m -2 ) may be needed for sandy loam and loamy soils. Greater concentrations of fumigants with large amounts of water suggest that water reduces fumigant volatilization losses by increasing the amount of fumigant in the water phase and reducing the total air space available for fumigant diffusion in soil. Application of fumigants in small amounts of water results in poor fumigant distribution and high volatilization losses that diminish the effi cacy to control soilborne pathogens and therefore, lower strawberry yield. In very coarse-textured or clayey soils, beds can become unstable and collapse with large water applications, and bed stability may limit the volume of water that can be applied. Also, the amount of application water may not have a signifi cant effect on fumigant distribution in sandy and loamy sand soils due to limited lateral water movement in these soils. Further research is needed to determine optimum application parameters for various soil types.
